Background: Magnetic resonance imaging (MRI) is the recommended primary investigation method for metastatic spinal cord compression (MSCC). Initiating treatment before the development of motor deficits is essential to preserve neurological function. However, the relationship between MRI-assessed grades of spinal metastatic disease and neurological status has not been widely investigated. Purpose: To analyze the association between neurological function and MRI-based assessment of the extent of spinal metastases using two different grading systems. Material and Methods: A total of 284 patients admitted to our institution for initial radiotherapy or surgery for symptomatic spinal metastases were included in the study. Motor and sensory deficits were categorized according to the Frankel classification system. Pre-treatment MRI evaluations of the entire spine were scored for the extent of spinal metastases, presence and severity of spinal cord compression, and nerve root compression. Two MRI-based scales were used to evaluate the degree of cord compression and spinal canal narrowing and relate these findings to neurological function. Results: Of the patients included in the study, 28 were non-ambulatory, 49 were ambulatory with minor motor deficits, and 207 had normal motor function. Spinal cord compression was present in all patients with Frankel scores of B or C, 23 of 35 patients with a Frankel score of D (66%), and 48 of 152 patients with a Frankel score of E (32%). The percentage of patients with severe spinal canal narrowing increased with increasing Frankel grades. The grading according to the scales showed a significant association with the symptoms according to the Frankel scale (P , 0.001). Conclusion: In patients with neurological dysfunction, the presence and severity of impairment was associated with the epidural tumor burden. A significant number of patients had radiological spinal cord compression and normal motor function (occult MSCC).
Spinal metastases are frequent manifestations of systemic neoplasia, with up to 70% of cancer patients harboring secondary spinal disease (1) . Paralysis and paraplegia due to metastatic spinal cord compression (MSCC) are serious complications of cancer that occur in 2.5% of patients who die from cancer (2) and have an annual incidence rate of 0.2% among all patients with cancer (3) . MSCC damages the spinal cord by direct compression, which may cause demyelination and axonal damage, and by secondary vascular compromise (4) . The initiation of treatment before the development of a neurological deficit appears to be the most effective method for preventing permanent neural injury (5 -7) .
Myelography was historically used to diagnose MSCC (8) . Over the last two decades, magnetic resonance imaging (MRI) has become the technique of choice for imaging spinal disease, and is now recommended by the National Institute for Health and Clinical Excellence (NICE, UK) as the primary investigation for suspected MSCC (9, 10) . The overall accuracy of MRI in detecting malignant spinal cord compression has been reported to be 95% (93% sensitivity and 97% specificity), and MRI is non-invasive and can be used to image both the vertebral bones and paraspinal soft tissues (4) .
The extent of spinal metastatic disease can be qualitatively or quantitatively evaluated based on the tumor-conditioned displacement of anatomical structures or area-based measurements of spinal canal narrowing, respectively. Although qualitative scales have been reported in previous studies (8) , we are unaware of any reliable quantitative methods for evaluating metastatic epidural disease. Because initiating treatment prior to the development of motor deficits is essential to preserve neurological function, it is important to outline the correlation between various grades of spinal metastatic disease and functional status. It would also be valuable to determine whether the qualitative and quantitative parameters are related to the neurological function. Previous reports have analyzed the correlation between clinical symptoms and imaging features (11 -13) ; however, the relationship between neurological deficits and MRI-based grading of spinal metastatic disease has not been widely investigated. Thus, the purpose of the present study was to analyze the association between motor and sensory function and the extent of spinal metastases using an anatomy-based and an area-based MRI scoring system.
Material and Methods

Patients
All consecutive patients with pain and/or neurological compromise caused by metastases in the cervical, thoracic, or lumbar spine who were admitted to our institution in 2007 and 2008 were considered for participation in a prospective clinical study. The inclusion criteria for the present study were as follows: first-time admittance for radiation therapy (RT) or surgery for spinal metastases, an available pre-treatment MRI of the entire spine, age above 18 years, and consent to participate in the study. Patients with other metastases that could affect neurologic or ambulatory status, patients with paravertebral metastases with direct extension into the vertebral bodies, and patients with leptomeningeal or intramedullary metastases were not eligible to participate. A total of 284 patients were included.
The patient characteristics of the study population are summarized in Table 1 . Data on the primary cancer site and tumor-specific treatment (high-dose corticosteroids, hormone therapy, and chemotherapy) were obtained for all patients.
Functional status
All patients were interviewed and examined at the beginning of treatment and their neurological status was recorded ( Table 1 ). The severity of neurological compromise was recorded according to the modified Frankel scale (14, 15) . The Frankel scale classifies patients as follows: grade A, no motor or sensory function; grade B, preserved sensation only, no motor function; grade C, non-ambulatory, wheelchair-bound but with some motor function; grade D, ambulatory, but with some motor deficit; and grade E, normal motor function. Patients with some sensory deficits but normal motor function were assigned a Frankel score of E (14, 15) . Patients with neurological dysfunction in the upper extremities due to metastases in the cervical spine were assigned a Frankel score of D. Ambulatory patients with known minor neurological impairment due to causes other than spinal metastases (e.g. sequelae of trauma, poliomyelitis, and cerebral stroke) were assigned a Frankel score of E.
In addition to the Frankel scale, the presence or absence of sensory deficits was recorded for all included patients. The duration of symptoms from the onset to the start of treatment was also recorded.
MRI protocols
MRI of the entire spine was performed at our institution or at local hospitals, using similar protocols. MR images were acquired at our institution with a 1.5 T GE Signa Horizon LX whole-body scanner (GE Healthcare, Milwaukee, WI, USA) or a 1.5 T Siemens Espree (Siemens Medical Solutions, Erlangen, Germany). The protocol consisted of sagittal T1-weighted spin echo (TR/TE 400/14 msec) and STIR (short tau inversion recovery, TR/TE/TI 3000/34/ 150 msec) imaging of the entire spine. The image matrix was 512 Â 512, the field of view (FOV) was 400 mm, the section thickness was 4 mm, the intersection gap was 0.5 mm, and the echo train length was 4 and 10 for T1-weighted and STIR images, respectively. In regions of suspected epidural space invasion or spinal cord compression, transverse T2-weighted fast spin echo (TR/TE 3000/84) images were obtained. The image matrix was 256 Â 256, the FOV was 180 mm, the section thickness was 4 mm, the intersection gap was 1 mm, and the echo train length was 16.
Sagittal T1-weighted and STIR images were obtained to detect osseous lesions and delineate the extent of bony disease. Transversal T2-weighted images, which provide an excellent contrast between hyperintense cerebrospinal fluid and soft tissue tumor or bone fragments, were used to detect and chart epidural disease and to assess the degree of spinal cord compression. Both sagittal STIR and transversal T2-weighted images were used to evaluate the extent of signal changes in the spinal cord at the site of compression.
Radiological assessment
All pre-treatment MR images were retrospectively reviewed for the purpose of the study by one radiologist (MDS), who was blinded to the clinical data. In cases that were unclear, a consensus decision with two other radiologists (KHH and KK) was made. The MR images of the entire spine were scored for the presence and extent of bone metastases as well as the degree of thecal sac and spinal cord compression. Radiological evidence of compression of the cauda equina or nerve root compromise was also reported. Additionally, the number of sites with epidural tumor growth and spinal cord compression was recorded for each patient. The presence of signal changes in the spinal cord at the site of compression was recorded. Major degenerative changes that significantly narrowed intervertebral foramina or the cross-sectional area of the spinal canal were also recorded.
For scoring purposes, the vertebral level with the most severe grade of thecal sac or cord compression was considered the most significant. When no evidence of tumor growth into the epidural space was present, the largest metastatic lesion was considered the most significant.
The extent of the epidural tumor was graded using two different, MRI-based scales: a four-point in-house scale to define spinal canal narrowing, and a six-point MSCC scale that was reported previously (8) . The six-point MSCC scale is an anatomy-based, qualitative grading system, as shown in Fig. 1 . This scale was used to evaluate patients with lesions at the level of the spinal cord. The fourpoint spinal canal narrowing scale is an area-based, semiquantitative scoring system. A similar scale was previously reported for the assessment of degenerative disease in the lumbar spine (16) . In our study, spinal canal narrowing was categorized as follows: "none", bone-only disease; "slight", a reduction of one-third or less in the crosssectional area of the spinal canal; "moderate", a one-third to two-thirds decrease in the cross-sectional area of the spinal canal; and "severe", a reduction of two-thirds or more in the cross-sectional area of the spinal canal. To evaluate spinal canal narrowing, the cross-sectional area of the spinal canal at the affected level (measured on the axial images) was compared with the cross-sectional area of the spinal canal at the level immediately above or below the level of compression. This grading system was used in all patients, both for lesions at the level of the spinal cord and below it.
The compromise of the nerve roots and cauda equina was evaluated qualitatively. Nerve root compression was defined as contact between the tumor masses or bone fragments and nerves in the recess or intervertebral foramen. Compression of the cauda equina was defined as obliteration of the cerebrospinal fluid in the thecal sac at the affected level.
Manifest and occult MSCC
Patients with radiological evidence of spinal cord compression (MSCC scale grades 2 -3) and without motor impairment (Frankel grade of E) were defined as having occult MSCC. Patients with spinal cord compression (MSCC scale grades 2-3) and motor dysfunction (Frankel grades of A -D) were defined as having manifest MSCC.
Statistical methods
The data were analyzed with IBM SPSS Statistics version 19 (IBM, New York, NY, USA). Descriptive statistics, including frequency distributions, percentages, and interquartile ranges (IQR) were used to describe the patient population. Fisher's exact test and linear-by-linear association tests were used to compare proportions. All reported P values were based on two-sided tests and P , 0.05 was considered statistically significant.
Ethics
The study was approved by the Regional Ethics Committee, and a written informed consent form was obtained from all patients.
Results
Neurological status
No patients were assigned a Frankel score of A. A total of 28 patients were non-ambulatory (Frankel B or C), 49 patients were ambulatory with minor motor deficits (Frankel D), and 207 patients had normal motor function (Frankel E) ( Table 1) .
Sensory deficits were identified in 49 patients. Patients experienced local back pain for approximately 3.5 months (median, 108 days; IQR, 55-188; n ¼ 238); radicular pain for 4.5 months (median, 80 days; IQR, 32-165; n ¼ 158); upper extremity weakness for approximately 2 months (median, 55 days; IQR, 17 -145; n ¼ 19); lower extremity weakness for 3 weeks (median, 24 days; IQR, 9 -69; n ¼ 75); sensory deficits for approximately 2.5 weeks (median, 17 days; IQR, 7 -88; n ¼ 49); and sphincter dysfunction for 1 week (median, 7 days; IQR, 2-21; n ¼ 25).
MRI findings
The most significant lesions were located in the cervical spine in 8% of the patients, the thoracic spine in 61% of the patients, and the lumbar spine in 31% of the patients ( Table 2 ). In 213 patients (75%), the most significant lesion was located at the level of the spinal cord; in 71 patients (25%), the most significant lesion was located below the conus medullaris. The distribution of grades based on the two scoring systems is shown in Table 2 . Tumor growth into the epidural space at two or more sites was noted in 27% of patients, and compression of the spinal cord or cauda equina was observed at two or more levels in 5% of patients. A high signal in the STIR/T2-weighted images in the spinal cord at the site of compression was observed in only one patient. In all but two patients with sensory compromise, degenerative spinal disease did not influence the present symptoms.
Relationship between the MRI scales and Frankel grade
Both of the MRI-based scales were significantly associated with the Frankel score (P , 0.001) ( Table 3 ). All nonambulatory patients exhibited radiological spinal cord compression (grades 2 or 3 on the MSCC scale). All patients with bone-only disease or thecal compression (grades 0-1 on the MSCC scale) were ambulatory. Twelve patients with grade 0 -1 lesions had minor motor deficits (Frankel score of D) that could be explained radiologically by nerve root compression at the most significant level (n ¼ 4) or another spinal level (n ¼ 7). In one patient with an MSCC grade of 1c, no obvious clinical explanation for the motor deficit could be identified.
The percentage of patients with radiological evidence of spinal cord compression (grades 2 -3 on the MSCC scale) increased with increasing Frankel grade (Table 3) . Spinal cord compression was present in 100% of patients with Frankel scores of B or C, 66% of patients with a Frankel score of D and 32% of patients with a Frankel score of E (occult MSCC). All patients with occult MSCC were admitted to our institution due to back pain alone.
The association between the degree of spinal canal narrowing and Frankel grade is shown in Table 3 . All patients The most significant lesion was located below the conus medullaris in 71 patients ( Table 3) . None of these patients were classified as Frankel A or B. Only two patients were non-ambulatory (Frankel score of C); one had moderate, and the other had severe spinal canal narrowing. Four patients had severe spinal canal narrowing and normal motor status.
The clinical characteristics of the patients with manifest and occult MSCC are shown in Table 4 . No significant differences were found between these two groups.
Relationship between the MRI-scales and sensory deficits
The relationship between sensory deficits and the MRI-based scales is demonstrated in Table 5 . Both scoring systems were significantly associated with sensory deficits (P , 0.001) (at the level of the spinal cord). Eight patients presented with sensory deficits and without evidence of spinal cord compression (grade 0 -1 lesions on the MSCC scale). In six of these patients, sensory deficits could be explained by nerve root compression at the most significant level (n ¼ 5) or another spinal level (n ¼ 1). In one patient, sensory compromise may have been caused by severe degenerative changes in the spine. In a single patient with MSCC grade 0, no clear clinical explanation for the sensory deficit could be identified.
Fourteen patients with a Frankel score of E (normal motor function) had sensory deficits. Nerve root compression at the most significant level (n ¼ 8) or another spinal level (n ¼ 2) could explain sensory compromise in 10 of these patients. Sensory compromise in two patients may be explained by severe degenerative spinal disorder. In two patients, no obvious clinical explanation could be identified.
Six-point MSCC scale vs. grade of spinal canal narrowing
Both scoring systems showed a significant linear-by-linear association with the Frankel score (P , 0.001). The relationship between the distributions of the grades is shown in 
Grade of spinal canal narrowing and nerve root compression
The percentage of patients with radicular compression increased with increasing spinal canal narrowing grade (P , 0.001) ( Fig. 3 ). Nerve root compression was identified in 84% of patients with moderate to severe spinal canal narrowing and 22% of patients with no or slight narrowing (at the level of the spinal cord).
Discussion
Motor status before treatment is one of the most important prognostic factors for functional outcome in patients with spinal metastases (5 -7) . Clinical guidelines for the identification of patients who are at risk of developing symptomatic cord compression and the initiation of treatment before development of motor deficits are of critical importance. Although the choice of treatment in these patients is based on MRI findings as well as clinical features, the relationship between MRI-based grades of spinal metastatic disease and neurological status has not been widely evaluated. A few publications only have analyzed the association between radiological findings and symptoms. Helweg-Larsen et al. reported a correlation between gait function and the degree of myelographic blockage (11) . Husband et al. analyzed the association between sensory function and MRI findings; however, relationship between imaging features and motor function was not widely investigated (12) . A study by Hamamoto et al. implied that lesions with lamina involvement tend to cause motor deficits more frequently than lesions without (13) . None of these reports To our knowledge, the present study is the first study to demonstrate an association between symptoms classified according to the Frankel scale and the MRI-assessed extent of spinal metastases using both qualitative parameters and quantitative measurements. The presence and severity of neurological deficits were primarily associated with high grades of epidural space invasion; however, a considerable number of patients with radiological spinal cord compression had normal motor function (occult MSCC). This result suggests that, in many patients, spinal cord compression may be present for a significant period of time before the development of neurological deficits, and that MRI may provide important lead time for diagnosis and treatment compared to history and physical examination alone (17) . Thus, it may be possible to identify and treat patients before they develop neurological dysfunction. However, our results do not directly address how the degree of epidural space invasion influences the risk of developing motor deficits. Previous studies have attempted to define risk factors for the development of symptomatic spinal cord compression, but optimal screening strategies and interventions have yet to be defined (18) . The choice of treatment in patients with spinal metastases should be based upon a combination of clinical findings, the duration of symptoms, and radiological evaluation of epidural space invasion using reproducible parameters. In the literature, the term occult (subclinical) MSCC is used to describe a discrepancy between radiographic findings and neurological status (7, 19) . Whereas some studies include any degree of epidural space invasion in the definition of occult MSCC (7, 19) , others use separate terms for thecal impingement and compression of the spinal cord or cauda equina (17) . In our series, occult MSCC was defined as a radiological spinal cord compression in patients with normal motor function. If any grade of epidural space infiltration was used as a criterion, 70% of the patients in our study would have been defined as having occult MSCC. By limiting the definition to spinal cord compression, the percentage was reduced to 32% and this result is within the ranges reported by other studies that used similar classifications (15-37%) (17, 20, 21) . The natural history of the progression of spinal metastases suggests that patients with apparent occult spinal cord compression by MRI may develop neurological deficits if left untreated (19) . All patients with subclinical MSCC in our series were treated with radiotherapy to prevent neurological deterioration. The decision to treat these patients was based on the high efficacy, low toxicity, and low cost of radiotherapy in the management of spinal cord compression compared with the high potential cost of a missed diagnosis in terms of physical disability, quality-of-life impairment, and expense to the healthcare system (17) .
It is widely accepted that MSCC requires urgent diagnosis and treatment because delays can result in irreversible paralysis or loss of sphincter function (22) . According to guidelines from NICE, MRI of the whole spine should be performed within 1 week in patients with spinal pain suggestive of spinal metastases ( pain in cervical and thoracic spine, progressive or severe unremitting lower spinal pain, spinal pain aggravated by straining, localized spinal tenderness, or nocturnal spinal pain preventing sleep). MRI of the whole spine should be performed within 24 h and often immediately in patients with spinal pain suggestive of metastases and neurological symptoms (10) . Back pain is the earliest and the most common symptom of MSCC. In our series, 23% of the patients had no narrowing of the spinal canal and normal neurological function, while 32% had occult MSCC. Because spinal pain suggestive of metastatic disease is a sufficient symptom to initiate an investigation of MSCC in our institution, pain was the only indication for MRI studies in these patients. However, performing MRI in patients with back pain leads to an increased identification of patients with bone metastases and without epidural space invasion. The high percentage of patients with bone-only disease in our study can be considered a limitation; however, this result reflects current clinical practice with efforts used on identification of patients with subclinical MSCC.
According to NICE guidelines, the initiation of treatment should occur before any further neurological deterioration, and ideally within 24 h of the confirmed diagnosis of MSCC (10) . In our series, a significant number of patients developed clinical symptoms a relatively long time before the diagnosis of MSCC. Rapid onset of symptoms has been reported in previous studies as an important predictive factor for functional outcome (4, 23). Rades et al. reported that functional outcome after radiotherapy is significantly better in patients who developed symptoms slowly (4, 23) . In a spite of a broad variation in the duration of clinical symptoms, approximately 90% of the patients in our report were still ambulatory at the time of treatment. By contrast, a prospective study of 301 patients by Husband (22) and series reviewed by Findlay (24) reported that only 32% and 25% of patients were ambulatory at the point of treatment, respectively. New strategies are needed to shorten the time between the onset of back pain and the ordering of MRI for patients with a cancer diagnosis (25) .
Spinal cord injury may result from ischemia and vasogenic edema, which occurs at the level of compression through blockage of venous outflow or central perforating vessels in the cord. Once the cord infarcts, neurological damage is permanent (25) . In our series, only one patient presented with signal changes in the spinal cord at the site of compression, which could represent reactive edema, infarction or demyelination. This patient was one of three patients who were assigned a Frankel score of B ( preserved sensation, no motor function). The identification of signal changes in the spinal cord in only one patient in this study could reflect the likelihood that tumor-conditioned compression of the spinal cord is most likely a slow-growing process that admits some compensatory mechanisms.
Neurological compromise in patients with isolated thecal sac compression without radiological evidence of spinal cord compression has been reported in previous studies (12) . Husband et al. have suggested that thecal sac compression may cause neurological abnormalities by vascular compromise. Under these circumstances, thecal sac compression most likely should not be viewed as an incidental finding, and would normally warrant treatment (12) . In our investigation, neurological deficits could be explained by nerve root compression in the majority of patients with isolated compression of the dural sac.
The two MRI-based scales exhibited different strengths and shortcomings. The six-point MSCC scale was primarily developed for stereotactic radiosurgery (SRS) as a grading system for frank cord compression (8) . Thus, this scale cannot be employed in the lumbar spine and could not be used to evaluate the 71 patients in this series in whom the most significant lesion was located below the conus medullaris. The interpretation of subtle differences between grade 1 subgroups can be challenging and requires excellent image quality. Furthermore, these subgroups are important for the purposes of SRS, but do not correlate to motor function, as the presence and severity of neurological impairment increases primarily in grade 2 and particularly in grade 3 lesions. Quantitative measurements can be provided through the whole vertebral column, and not just at the level of the spinal cord. Despite the limited number of patients, our data indicate that the association between spinal canal narrowing grades and neurological deficits in the lumbar spine may differ from that at the level of the spinal cord; as far fewer patients with the most significant lesions below the conus developed severe neurological dysfunction. This result could be explained by the fact that nerve roots (cauda equina) are less vulnerable to mechanical compression than the spinal cord (26, 27) . A limitation of this scale is that moderate grades of spinal canal narrowing comprise a one-third to two-thirds reduction of the crosssectional area of the spinal canal and thus include a large and heterogeneous group of patients. This heterogeneity is reflected by the large variation in the Frankel scores and the high number of patients without neurological impairment.
In conclusion, both of the MRI-based scales evaluated in this study demonstrated significant association with neurological function. Such scales may aid in providing a more precise definition of MSCC when selecting and comparing patients from different studies and to measure treatment effects. We assume that guidelines for treatment strategies in patients with spinal metastases would be a function of diagnosis, symptom duration and assessment of epidural space compromise according to the suggested scales. Further studies are warranted to determine usefulness of this type of qualitative and quantitative measurements.
